We use molecular dynamics simulations (MD) to study piezoelectric properties of hexagonal boron nitride nanosheets (BNNS) and reveal how piezoelectric properties depend on size and shape. We first analyze how the macroscopic shape affects the full 2D structure symmetry and its piezoelectric tensor. In particular, we demonstrate that a hexagonal (rectangular)-shaped BNNS belongs to the hexagonal 6m2 (monoclinic m) point group. Our simulation results show that the piezoelectric constants of BNNS depend strongly on the macroscopic shape, in agreement with the symmetry of the structure, but are nearly independent of the macroscopic size. The present study provides a detailed understanding of the piezoelectric properties of finite size BNNS and guidance to future experiments and optimization of 2D piezoelectric materials in general.
Introduction
Piezoelectricity is a universal property of non-centrosymmetric materials. The last two decades have witnessed an explosive study of piezoelectric properties in new materials. Since Wang and Song put forward a piezoelectric nanogenerator prototype made of zinc oxide (ZnO), 1 piezoelectric nano-materials and device applications have attracted increasing interest in the scientic community. [2] [3] [4] [5] [6] Numerous new materials have been reported because of their promising piezoelectric response, including three-dimensional (3D) materials 7, 8 and twodimensional (2D) materials. [9] [10] [11] Compared to 3D materials, 2D materials reveal new combinations of elastic, electric, and thermal properties with novel applications. For example, 2D materials are more exible and they can withstand large strains (up to or higher than 10%). Highly exible 2D materials are particularly useful to explore the fundamentals of nonlinear electromechanical phenomena while being ideal candidates for use in nanogenerators. 12, 13 Giant piezoelectric constants have been predicted in some 2D materials characterized by piezoelectric constants two magnitudes larger than those of ZnO nanowires. 14 2D materials already show interesting potential as nanosensors and for medical applications. 15, 16 Hexagonal boron nitride (h-BN) is one of the most promising materials because of its high elastic modulus and optical properties which renders h-BN a good candidate as a nanoresonator 17 or luminous material. 18 Watanabe et al. 19 studied the potential of h-BN as a far-ultraviolet uorescent material and fabricated stable far-ultraviolet plane-emission device with high output by using h-BN powder. Kumbhakar et al. 20 studied the nonlinear optical properties of h-BN with an average length of 200 nm. Large h-BN lms were synthesized by Song et al. 21 and a very wide bandgap of 5-6 eV has been measured in their study which indicates that h-BN is attractive for the design of wide-bandgap nanodevices. Furthermore, Qi et al. 22 reported that the band gap of BN nanoribbons can be tuned by applying strain which may provide new applications in photovoltaic and opto-electronic devices. Numerical investigations of piezoelectric characteristics of h-BN have been reported using density functional theory (DFT) 14,23-25 and molecular dynamics (MD) [26] [27] [28] [29] [30] methods. In order to exploit the full potential of h-BN, a comprehensive understanding of its symmetry, piezoelectric properties, and dependence on size, shape and optimal strain loading is necessary. Although DFT 14,23 methods are accurate for computing piezoelectric constants, typical simulation conditions are not equivalent to those relevant for experimental conditions. For example, the periodicity required for structures to be simulated using DFT, oen cannot be realized in experiment.
In this study, piezoelectric properties of h-BN are investigated based on molecular dynamics simulations using the soware package LAMMPS. 31 We rst calculate the piezoelectric coefficients of a rectangular-shaped monolayer boron nitride nanosheet (BNNS) with different sizes. The results for the innite structure agree well with DFT results. Our results also show that the piezoelectric coefficients of innite BNNS are slightly larger than for nite size BNNS. The generated polarizations and the piezoelectric coefficients depend strongly on the nanosheet geometry and the boundary type (zig-zag vs. armchair) as we exemplify by comparing polarization results for rectangular and hexagonal-shaped BNNS. It is shown that the BNNS symmetry, the piezoelectric tensor structure and coefficient values are changed drastically whenever the BNNS boundary shape is incommensurate with respect to the underlying unit cell hexagonal symmetry.
Theory
Generally, the piezoelectric effect is characterized by piezoelectric coefficients e ijk , where i, j, k˛{1, 2, 3}. The Maxwell relations of e ijk can be expressed as: 23
where P i is the polarization, E i is the electric eld, and s jk and 3 jk are stress and strain, respectively. The subscripts indicate the simulation conditions: E for xed electric eld, s xed stress, and T xed temperature. 32 Since h-BN belongs to the D 3h ( 6m2) point group, 33 only one e-coefficient exists assuming the macroscopic boundary shape is compatible with the D 3h symmetry of the h-BN unit cell. For D 3h , the nonzero components of piezoelectric coefficients are employing Voigt notation 34 here and in the following, e 111 ¼ e 11 ; e 122 ¼ e 12 ¼ Àe 11 ; e 212 ¼ e 221 ¼ e 26 ¼ Àe 11 :
(2) Hence, the piezoelectric constant e tensor can be expressed as: 
The polarization tensor P and strain tensor 3 can be written as:
According to P ¼ e3, if the macroscopic boundary shape is compatible with the unit-cell symmetry (D 3h ) of h-BN, we have: P 1 ¼ e 11 3 1 À e 11 3 2 ; P 2 ¼ Àe 11 3 6 ; P 3 ¼ 0:
The piezoelectric coefficient e 11 can be obtained by calculating the polarization change when the structure is deformed, which is given by:
The strain component 3 2 is generated through the Poisson effect when we add a forced strain 3 2 . The two-dimensional polarization along the x direction can be calculated as: 29
where q i is the charge of the i-th atom, x i is the x-coordinate of the i-th atom, N is the number of atoms and A is the area. It should be noted that the difference between the 'improper' piezoelectric tensor dened by eqn (1) and the 'proper' piezoelectric tensor, the latter dened in terms of the current density ow generated by a slow deformation, is negligible for typical semiconductors such as those analyzed here. Hence, derivation of the piezoelectric tensor by use of eqn (1) is expected to be accurate.
For general cases of in-plane deformations where the macroscopic boundary shape is incompatible with the unit-cell symmetry (D 3h ) of h-BN, one has:
Since all strain tensor components involving the z coordinate vanish. Here, a iJ , b iJ and g iJ (i ¼ 1, 2, 3; J ¼ 1, 2, 3, 4, 5, 6) are generally different constants.
Model and method
A sketch of the atomistic structure of h-BN is shown in Fig. 1 where B atoms are colored pink and N atoms blue. The cell parameters are selected from ref. 35 . The axes are labeled such that the edge along the x axis is armchair and zigzag along the y axis.
In the present study, all MD simulations are performed using the open-source molecular dynamic package LAMMPS (large scale atomic/molecular massively parallel simulator). 31 The selection of the potential parameters is central to the accuracy of MD simulation. The Tersoff potential 36, 37 is oen adopted to describe the interactions between B and N atoms. In accordance herewith, the potential function can be expressed as follows:
where
Here, E is the energy of the system, V ij is the pair energy of the pair of atoms, the indices i and j run over all atoms. Further, f c is the cut-off function which is provided to limit the range of the potential to save computational resources for the MD simulations, 33 is the repulsive pair potential which contains the orthogonalization energy when atomic wave functions overlap, and f A is the repulsive pair bonding associated with bonding, 37 b ij is the bond angle term that depends on the local coordination of atoms around atom i, and the angle q ijk is the angle between bonds ij and ik.
Till now, various sets of Tersoff parameters have been published to study different properties of BN. [38] [39] [40] [41] In our study, parameters are taken from ref. 36 , which has been successfully used to describe the mechanical properties and thermal properties of hexagonal BN and cubic BN. 42 Though the Tersoff potential is considered successful for the study of boron-nitride nanosystems, 43 it lacks Coulomb interactions, which are necessary 28, 44 to include so as to describe dipole interactions between atoms. 45 The long-range Coulomb interactions in this study are added by using a damped shied force model. 5, 46 For our simulations, the conjugate gradient method is used to ensure that the total energy reaches a local minimum. Then, the obtained energy-minimized structure is relaxed for 50 ps (picoseconds) to reach equilibrium by using the NPT ensemble for the innite model and the NVT ensemble for nite models. A NPT ensemble means constant number of particles, pressure and temperature, while a NVT ensemble represents a constant number of particles, volume and temperature. In addition, a time step of 0.5 femtosecond is used for all simulation processes to ensure numerical accuracy and stability.
Results and discussion

Piezoelectric constants under different sizes
In this section, we calculate the piezoelectric coefficient e 11 of h-BN. In order to assess the size dependence of piezoelectric properties we analyze a set of similar-shaped BNNS structures of different size. To realize innite size in MD, periodic boundary conditions are applied along the x and y directions. A 20Å vacuum space is added in the direction perpendicular to the nanosheet so that interaction between layers can be neglected. Strain is applied by extending the MD simulation box for innite size structures. In the case of nite structures, besides adding a 20Å vacuum space in the direction perpendicular to the nanosheet, 100Å vacuum spaces are added along both the x and y directions to avoid interaction between layers. The dimension of this nite structure is around 10 nm in both x and y directions. The number of atoms is 3888 corresponding to 1944 B atoms and 1944 N atoms. For nite structures, a force is applied along the macroscopic boundary. The two axial strains are calculated as (refer to Fig. 2 ): 3 1 ¼ (x l À x 0 )/x 0 and 3 2 ¼ (y l À y 0 )/y 0 , where x 0 and x l are the nanosheet lengths along the xdirection before and aer the forced stretching and relaxation, respectively. Similarly, y 0 and y l are the nanosheet lengths along the y-direction before and aer the forced stretching and relaxation, respectively. The shear strain is calculated as 3 6 ¼ l/ y 0 , where l and y 0 are shown in Fig. 2 .
For innite size BNNS structures, whose macroscopic boundary shape is compatible with the unit-cell symmetry (D 3h ), the polarization is rst calculated using eqn (8) . Then, eqn (7) is used to calculate the piezoelectric constants. We obtain e 11 ¼ 1.06 Â 10 À10 C m À1 for an innite BNNS structure which is in good agreement with previous studies as shown in Table 1 . Note that DFT calculations accurately predict piezoelectric properties for innite structures since boundary conditions are periodic in this case. In experiments or practical applications, however, spatial dimensions are nite and care must be taken in determining the inuence of the exact boundary conditions and macroscopic shape on effective material properties. For this reason, we compare piezoelectric properties of BNNS structures of different sizes. In Fig. 3 , three nite size BNNS structures are shown. The x-and y-directions correspond to armchair and zigzag, respectively. The BNNS structures modeled are 10 nm Â 10 nm, 8 nm Â 8 nm, and 6 nm Â 6 nm, respectively. In the case of arbitrarily-shaped BNNS, structure is obviously incompatible with the unit-cell symmetry (D 3h ). Hence, we use the general form for in-plane strains, eqn (9) and (10), to calculate the piezoelectric constants of nite structures.
Previous studies indicate that uniaxial polarization only exists along the armchair direction of h-BN, 17, 44 and the piezoelectric properties were determined by stretching the structure along the armchair direction and recording the polarization changes, 2, 26, 47 i.e., by using e 11 ¼ vP 1 /v3 1 . When a shear strain is applied, a polarization change along the zigzag direction is obtained. Two kinds of polarization changes corresponding to different distortions can be seen in ref. 42 .
The polarization along the x direction changes when uniaxial strain is applied on nite size structures, refer to Fig. 4(b) and (c). Here our MD results conrm that the shear strain 3 6 ¼ 0 aer relaxation. According to eqn (9), we have P 1 ¼ a 11 3 1 + b 12 3 2 , where a 11 and b 12 are the piezoelectric constants associated with the armchair and zigzag directions, respectively. When 3 1 is applied, 3 2 is calculated selfconsistently in MD and vice versa. In addition, the polarization along y direction changes when applying a shear strain. Our calculations reveal that aer relaxation, uniaxial strains 3 1 and 3 2 are both zero subject to a forced shear strain. Aerwards, the piezoelectric constant g 26 is calculated from eqn (10) as P 2 ¼ g 26 3 6 . Fig. 4(e) shows the calculated piezoelectric constants corresponding to the different BNNS structures. Fig. 4(e) shows that the piezoelectric constants are nearly independent of the size of the BNNS structure. Note also that the magnitude of the piezoelectric constant b 12 is much larger than a 11 . This directional anisotropy has been observed experimentally for 2D molybdenum disulde. 48 Furthermore, the magnitude of the shear piezoelectric constant g 26 is clearly different from a 11 and b 12 . We will now prove that the symmetry of the rectangular-shaped BNNS structures does not comply with the D 3h point group symmetry. A rectangular shaped BNNS, composed of hexagonal unit cells, is shown in Fig. 5 . A close inspection shows that the symmetry of the structure is 2 Â m ¼ 2 ¼ m, i.e., the rectangular-shaped BNNS structure belongs to the monoclinic m point group and the piezoelectric tensor is: 
Piezoelectric constants under different shape
In Section 4.1, we found that the MD-extracted piezoelectric constants a 11 , b 12 and g 26 of a rectangular shaped BNNS have different magnitudes. It is obvious that the edge of a rectangular shape BNNS is armchair (zigzag) along the x (y) axis. To better understand the piezoelectric properties of different h-BN macroscopic shapes, we also examined two different hexagonal-shaped BNNSs. Note that for hexagonal-shaped BNNSs, all edges are either zigzag or armchair edges. In other words, the macroscopic boundary shape of hexagonal-shaped BNNS is compatible with the D 3h unit-cell symmetry of h-BN. Fig. 6(a) shows a hexagonal-shaped BNNS whose edges are armchair. The numbers of atoms in this structure is 1986, i.e., 993 B atoms and 993 N atoms, and the number of atoms along each edge is 22. The local amplied area shows the armchair type of two connected edges. Fig. 6(b) shows a hexagonalshaped BNNS with zigzag edges. The total number of atoms is here 2166, i.e., 1083 B atoms and 1083 N atoms, and the number of atoms along each edge is 19.
In Fig. 6(c) and (d) , we show the polarization changes when stretching hexagonal-shaped BNNS along the x-and y-directions, respectively. Fig. 6(e) shows the polarization change in the presence of shear strain. As expected, the polarization changes linearly with the applied strain. The slopes of the curves determine the piezoelectric constants a 11 , b 12 and g 26 . As shown in Fig. 6(f) , the piezoelectric constants of hexagonalshaped BNNS having the same edge type (either zig-zag or armchair) are the same within computational accuracy. Our results reveal that piezoelectric constants of rectangular-and hexagonal-shaped structures are different reecting the different symmetries of the two structures, refer also to Table 2 . Within computational accuracy, our results conrm that the piezoelectric constants for hexagonal-shaped BNNS are in agreement with the D 3h symmetry.
Conclusions
In summary, the piezoelectric properties of 2D h-BN are studied in this paper. First, we discuss the symmetry properties of h-BN and the inuence of the macroscopic geometry on the BNNS symmetry. MD simulations are carried out to calculate the piezoelectric constants of BNNS for rectangular-and hexagonalshaped macroscopic structures. Our MD results conrm that the piezoelectric constants of an innite size BNNS agrees well with DFT results. For nite BNNS structures, MD calculations reveal that the piezoelectric constants are nearly independent of the macroscopic size. Our results conrm that rectangularshaped BNNS structures belong to the monoclinic m point group while hexagonal-shaped BNNS structures belong to the D 3h point group. If the macroscopic geometry is arbitrary, all piezoelectric tensor components are generally non-zero and different (the zero-symmetry case). Besides symmetry discussions, we also present results for nite BNNS structures, directional anisotropy of piezoelectric tensor properties of BNNS. This work sheds light on the piezoelectric properties of 2D BNNS structures dependence on shape, size, and guidance to experimentalists in designing and optimizing 2D nanogenerators.
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